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ISOMERIC MXTASTABLE STATES TW LXDIUM AND RXAVY WEIGRT SUGLET 
by 
Artur ingere Trenele 
Satunttted for the Üegree of Fester of Selenga in the Department 
of Fhysics on July 17, 1952 


ABSTRACT 


The 46, Go-uimte metastable state van formed in 0472 by the 
inelastiea senttering of menoergic fast neutrons en nataral sedulım, 
he neutrons vere obtained ly bombarding a Li! terget with monsergie 
protone fron the Reekefeller generetor at 4.1.7. The presence of ax 
citoi levels tn Of at energias of 0.720 5 0.080 Mev and 1.290 2 0,020 
Kar was Anteetel, The threshold for the formation of tha nstantable 
stete ws determine’ es 0.400 - 0.25 Kev, Therefore, either the 0, 20- 
Mav level or за 0,206 лат, 4S, 6-minute, metarteble level v. excited 
directly. Hither an rr Î & & neutron endbtnes with 00271 to 
—————— у ошље ша | = 6 sate. if the NE, bo 
minute metastable state was exsited directly, aad that lo alnest vom 
tain, ite angular momentum 1e either 12/2 er 9/2; the anguler moneatan 
of the § х 10" second metastable atate is either 5/2 or 3/2: the 
parities of the tw seatastable atates are oposite to the parity of the 
est. ini би у оста P — — am 
the sang ns tke parity of tha round state If the inenning neutron has 


Les, 


|5 обе 















ae wee Pelin Diem та Bata 1:1 
Р v 
u ug onm 

А da san“ mir wut 
xm un ы 


p" um da 














A 





— | tm te Ate Yo nt 

ma — mad V inte сч س‎ 
— | mi ya = aw 
+ 2m — — = Ho, ша ваты 
a a нчи олмани amanê er 
moe —— ~ mn nm ми 

> a tun! рала» + њем i 
м», | чтүү mut“ un " 
amm Pa» — — 
— — u Мел) N toe mr ent. ante teta 
и PU mit nr un ee eal Л 
ACA m бр єт э! sear aldarearen kame кї ын We 
FE Girare uimp تمہت مہ مہ‎ од 8 
— —— К — — e t] ats enm 
— — эЧ) эз эш» adl 
Se 





+ 












4 
i 











5 





-11- 


TABLE OP CONTESTS 


ABSTRACT 

LIST OP FIGURIS 

LIST OF TABLES 

GRAPTZR Т, INTRODUCTION 

CHAFTAR 11, Бат 
Enlf-Liven of Txeited States 
Selection Rules for Game-Rey Transitions 
Internal Conversion 
Neutron Excitation of "atastable Levels 
Neutron Versus Photon Excitation of Metastable 
States 


CHAPTER ITI, EAPSAINENTAL EINEN? 
Source of Neatrons 
Eockefeller Generator 
Heasurement of Neutron Yield 
Seintillation Counter 
PlatinusSereen Counter 
curt IV, teresrreatics or ca? 
of the Excitation of 





Eisterical 
Netasteble Cd} 


nergy Levels in Cà 
Method of Chteining the Uncorrected Excitation 
Curve 





111 


Elimination of the Effect of Interfering Decaye 


Page 


a 


a an бм + 


1C 





Correction of the MS, Minutes Ixeltation Curve 
for Froton пету Spread, Target Thickness, ang 
Angularity Е 


Determination of tha Absolute Groes Seetion fer 
ine Yormation of the deteatable State 


Comparison of the Theoretical and Iuperimentsl 
Crosa Sestions 


ORAPTER Y, CONCLUSIONS ASD SUDOXÜTIONS TOR FURTEM 
INTEITIQATIOH 


PAsevsslon and Bbumary of Bemits 
Suggestions for Further Investication 
BIBLIOORAPET 
ACKEOVLEDIEUOCSTS 


АРРИКРТА А. — AUTREATIGOM OT TEX SINOLA CHANNEL ОТУР ШЕ. 
TIAL DISCRIMINATOR 


АРРЕПХ В, DST IMATICN OF TER ABSOLUTE RATS OF 
GAMMA RAY @NISSICN CF THE Mg20) STANDARD 











UNSUCCESSFUL PRELIMINARY EXPERIMENTS 15 
PRODUCING AND DBTECTING THR DRGAY OF НЕМ. 
STABLE STATHS 





APPENDIX ©. 





Page 


< яя зв + 





2 Л ња es ји 





Lu 


LIS? oF TIGURES 


Page 
Tigre 1, Seheantio Diagram of Nentron Jeatt ering 13. 
Figura 2, long Úmanter 19 
Figure 3. Response of Long Counter to Nenoergic 
Петена 20 
Figure 4. Xuergy Level Diagram fer 08111 25 
Figure 5. Possible I of Party ant Angular نز‎ a 


Figaro 6, Arrangesent for Irradiating the Cadnium 
Disks, Showing the Magnet and Chander of 
the Rockefeller Generator, the Tentalun- 
Заскед Lithius Target, and the Alumimm 
Dink Holder 35 


Figure T. Setup of Equipment Used for Detecting the 
Decay of the Metastable State, Showing the 
High-Voltage Power Supply, Voltage Stabiliser, 
Lead-Shesthed Seintiliation Counter, Cathode- 
Follower FU, Amplifier, end the 






Decale Sealer 36 
Figaro б. Neutron Zxoitation Oupve for "04 . Um. 

correct ad 39 
Figure 9. Pasie Decay Curve for Irrediation by 0,5922. 

Mew Neutrons yo 
Figure 10, Ln TEUER 

G-imite Activity Ly 

Figure 11, пола оп for the ted Activi- 

tios "04232, 5, and 46 





E AA ви 





Figure 12, 


Figure 13. 


Figura 15, 


Figure 15. 


Figure 16, 


Figure 17. 


Yo 


Page 


anguem Curva for 4E,6-'imte ketastable 
Corrected for Mnite Target Thick 
ness end Aingularity of the Incident Keutrons 5) 


Gross Secticn for the Formation of Ketastadle 
State in Galli 61 


Cemparieon of the “xperizental Cross Section 
for Formation of the Hetactadle State with 

the Theoretical Crosse Section for Formation 
"= а ја 


Probability of Compound Nucleus Decaying 








to the Metastable State 65 
Hoat Probable As of Angular Nonen- 
Ante Parity to the Motastable Stetes of т 


Calibrated Curve for Standardising the ig 292 
sample 15 





TABLE I, 


TABLE II, 
TARLZ 111, 


Vio 


LIST OF FABLES 


The Theoretically Caleulated у ب‎ 


States of б 
Data on Internal Conversion af 0442 
Isotopes of Cadmium 








ү 


I, INTRODUCTION 


The detaraination of the energy, angalar mnomentum, and var 
ity of exalta Lerols in muelei is an Important steo in obtaining 
information eoncerning nuclear strneters, 

Thess ehsreeteriatics of ereite levels ear. be obtained from 
observations of transitions batween яогеї ?іе excited states and batween 
excited states ani the ground state in melsti, Buch traneitions efter 
cesar síter a nuclear reaction leaves the melaus in an exeited state. 
Eowerer, these excited states usually here vory chort lifetines, 

Fuclesr {semere are 200191 having the sems rusher of rretons 
an’ neutrons, but differing in their stabliity or moda of radionetive 
decay, The simplest esas of molesr Lacserisa occurs whem ons of the 
4zonere in a stable waclews in its ground state and the other is an 
excited atate of the sane imel@us, When an exeited «toto exista for 
a neasurable length of tims, it is called a metastable stata, Keta- 
stable etates differ from cther excited states only teesuse of their 
slower rate of deasy, 

In 1921, Otte Esha, the Gormen radlocheniet, protuesd evi- 
dense that uraniun 3 and nrariun Ху, both naturally occurring rneilidas, 
vers Asotopie and isobario, tut had different ralionetive demay rates, 
Yor esveral years, this remained ss tha only mbetentiated casa of 
melaar isoserite, In 2925, 1% waa dtecovered thet the bombardment of 
git”? ћу clos neutrons produced two Lucmers of Br” vith different 
half-lives, Since thet time, many exsmolae of zuclear Isonerim have 
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bean Gdecorered, An meagurecent teckniques improve, more radioactive 
nuclides are being reclassified as isomeric, 

Welzsacker provided the first thearetical explanation for 
the existence of isomere, He showed thet by aenigning te the excited 
etate an anguler morernte: whieh differs from the ground etate by 3 to 
5 units end an energy cf e few hundred Ellevolte or lees, a half-life 
is predicted fer transition te the ground state by gamma-ray eniasion 
which 1$ long enough to ta observable, 

leenerie matastable states result from interactions betwaen 
high-energy X-raya oF electrene and stable molel and from the muelesr 
excitation whieh accompanies the inelastic senttering of aloha particles, 
deaterone, protons, or fast neutrons, Inelastic seattering of nautrons 
is & convenient mathod of preduaing emeited states in muclel, Wut cross 
eactions for euch reactions are small, and large inherent backgrounds 
are áncountered, However, if the lifetime of the excited state is Long 
encugh, the transition to a lower state may be observed after the baen 
of exciting particles has been removed and efter competing reactions 
have died away, Thersfore, the existence of metartable states provides 
a method of studying energy levels in nuclei. Comparison of the er- 
porimentealiy obtained croes section for the formation of the — 
atate in a particuler nucleus with the theoretical cress section for 
the formation of the same state often facilitates eatinating the spin 
and parity of the metastedle state and of other excited levels in that 
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The half-lives of the various known laomers ranga froma frac- 
tions of seconds to тега, and thers fa no cunlitetive difference be- 
tween an exsítel state vith a very short life and one with a long life, 
Yoomera have not bean found in melei having nass numbers below 33. 

The charecteristios (half-life, exeltation energy, deeay scheme, eon 
version ratios, ote.) of leomera of steblo nuclei may be found in 
verious tabulations of nuclear date, such as Seakere ant Pearlman (2), 
Sullivan ($2), end Nuclear Data FB3 1909 (M1). Segre and Heleholts (83) 
have nesendled complete date on all but the most recently discovered 
isomers, <A careful eurvey of their tables (4s racuired when selecting 
a particular isomer for excerimental investigation. The exerinent er 
must be sure thet there sre ne cther radiations arising from cecompany- 
ing nuclear reactions which seriously interfere with the detection of 
the decay of the retostable etete. 

When the activity of a matactable atate is plotted agninst 
the energy of the exciting radium, changes in the elope of the eurre 
occur as new excited levels of the stable nucleus are reached, The 
excitation curve charges shepe because additional higher excited levels 
in the target nucleus become avelladie for ¿acay to the metastable 
state na the exeliteation energy increaees, and an ineresee in the cross 
section for formation of the netnatablo state ia produced, Yiedenbeer 
(ул, №2, УЗ, УБ) has obtained such excitation curves which indleate cx- 
cited levels that decay to the metertable state for Avi?! ni, call 
and both teotopes of Ag, Wiedenbeck (¥4) aleo reports excitation of 
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the threshold level alone in м??1 by bombardment with fast neutrons 
of bread energy distribution, and he stetes that the neutron threshold 
ie the same as the one obtained in his «ray work, 

Waldman and “edenbeok (95), using X-rays sa &n exciting 
medium, have resorted a series of excited levels whieh двеву to the 
metastable state in In”, Golähaver, Hill, and Ssilami (01) have 
confirmed the existence of a metastable state in In. wy inelastic 
venttering of fast neutrons, The metastable state in In.) hae also 
een excited by Barnes and Aradine (21) with protons and by larr- 
Horovitz, Ríaser, end Suith (11) with high-energy alpha particles, 

Both Cohen (C1) ant Тавсћак (71) have obtained excitation curves for 
In!lÓ wombarded by fast neutrons which indieate only the threshold 
level, 

The quantas exployed in the foregoing work involving the use 
ef X-rays were cbtainad by bombarding thick targets vith nonoergic eleo- 
trons, Consequently, the X-rays vere continuous in energy diatritution, 
Prior te 1950, no experinenters haá used monoergio heavy varticlea to ĉe- 
termine excited levels by inelastio scattering for an appreciable range 
of energies above the metastable state, The use of either quanta or 
heavy particles with a substantial energy distritetion results in only 
slight changes in the slope of the excitation curve at energy levels, 
Therefore, the exact location end sometimes even the existence of axcited 
levels is evbject to question, Nbel (XI), using nenoergic fast neutrons 
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38119, The chengos in slope of the woncergic neutron exaitation curvas 
at energy levels are prensunesd ancugh to inspire considersbtio confi- 
dence, All the levels determined by Ebal appeer tc ba elightiy lower 
thas the corresponding levels previously determined by quanten excita~ 
tion. This thesis describes the use of Xbel's technique in investi geting 


the metastable state and higher energy excited states in ca. 








Sexre and Helnholtz (53) kava prerented a detallei rerievw 
of Welseacker's theory of melerr isomnerisn, Another good survey of 
various theories of melear leonsriem is given by Sele (#1), Such 
theoretical quantitative exclanations for the seasurable lifetines of 
metastable states are complicated by the dearth cf detailed informa» 
tion about the melows, Consequently, meny different nsthods for 
eale@alating half-lives cf zetastable states have been suggested, oach 
justified by different aaswsptions concerning the nasture of the mi- 
Claus, Beth? (32), Eebd and Whlenbegk (82), Lowen (12), and others 
have determined formulas for predleting the probability of transi- 
tion fron an excited levej to a lower level by gremaeray emission, 
Moon (M1) given a graph, based on a simplification of Lowen!s formu 
la, of decay constante ve. gawueray energy for various multipole 
values of radiation, This curre ls a convenient method of estimating 
either the half-life, the mitipole order, of tha transition enercy 
of a pertiauler ganna-ray transition when two of three parametars are 
known quantities, 





The general theory regarding goumerey enission (selection 
rules, decay constenta, spin, parity, ete.) inoludes trensitions frou 








the metastable state, The yuantun theory of radiation utilises the olas- 
nical concept of a rediation source as an oscillatisg electric or карл о 
певәаї. The radletions are glaeeified aa ah electric — 
pole, qsadrupole, eatupole, eto., where | ie the angular nesontun 
carried sway by the далаа ray in unite of A, Sines tha vector angi- 
iar momenius of the ayeten ia sonserved in all nuclear reactions, the 
enisaton of а алый гау by & xugleus changes ite angular sonentwa in 
accordance with the waltipole order of the radiation, The abeolute 
difference in engalar momentum between two atates in a nucleus dator- 
nines tha lowest allowed multípole order radiation that oan occur in 
a transition between the states ( Û , «© ИТИ). Nigher order 
multipole radistions up to l ana = /1/*/1\/ are possible, However, 
the probability per unit tire of radiation occurring decreases rapidly 
as tha mmitipolg order inerensse, oo ihe lowest sliowed multipole orter 
ie usually the only cus which contritates aprreciaviy to the traneiticn, 
exeept that an electric г polo may be @ sericus competitor to s 
nagnetie 2! azole 

The parity of a state ts sald $o be odd (=) or evan (+) de 
pending on whether a Ferersal of sign of #11 the coordinates ef the 
gysten dooe or dees not reverse the sign of the wave function ¿eserib- 
ing the state, Farity, like angular nonentur, 10 conserva in a nuclear 
reaction, The parity of even slectria ond cüÀ megnetie multipoles is 
taken ae aver (+) and the parity of off electrle and eran ragnatio 
sultipelss is tele: as cdi (=), Therafore, 1f two states have the came 
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nevity, @ transition between then involvea only even eleotrie or odd 
nasnetío maltipols orders, кий if two states have conosite perity, the 
transi tion between then involves only edi slsctrie end even neguetis 
maltinole orders, 

The Importenes of tha engular momentum nnd verity salseticn 
ruler te aanifagtal in the long lifetina of a metastable state, 





А mueleus ir an excited atate nay epentanesusly change to B 
etate of lower energy ty exitting a gamma ray of energy еси] бо the 
ensrgy differance between tha two dtaten er by giving tale increment 
of energy to an atonic electron in one of ite own shells. This "ln 
kornal ccsverelon” electron iu ejeetet from the atom vith a kinotle 
energy equal to the corres pending quantum energy lees tha stenige bina- 
ing energy of the electron and the energy of recoil, Originally it 
was thought that the energy of the miclecr transition was first emitted 
as a guasa ray, which than ajacted a pheteo-sloctren from the aten, 
Taylor end Kett (71) showed that internal conversion fa actually а 
primary rather than aecondary process end ta fue to the fíract inier 
aetion of the meleus with its own electrons, Therefore, the proba- 
tility per unit tine ef боолу of an axcited state nay be the sws of 
the prebebilities of the competing grmme-ray enlacton and interne? 
conversion instead of the probadllity of gamun-ray mienten only. 

The probebility of internal conversion меу be even greater then that 





of pama-rsy eniasion, The efecticn of the conversion electron 
cansas & vacancy in the electronie structure of the eton, and thore- 
fore, it is followed immediately ty the extestion of characteristic 
X-rays of the element in queetion, 

The conversion coefficient 1a the ratio of the rate of 
eniasion of conversion slectrons to the rate of eníseion of pasma 
rays, The total rate of electron emission íis the sum of the rates 
fer the various atonie shells (X, X, ete), The conversion eceffi- 
cient ia complicated to o&lcoulate theoretically and difficult to 
determine experimentally,  Dancoff and Morrison (D1) have obtained 
en expression for K-alectron conversion ocafficients whioh treats 
the ejected electron sonrelativietically and have also obtained an 
approximate relstivietia ezreseion whieh neglects slectron binding 
energy. Another source of K-ehell internal conrereion coefficients 
is an extensive table which hae been prirately dlatribated by Jose 
(R1). The ratio of the X-shell te the l-shell conversion ooefficientes 
је relatively easy to determine experimentally Because it is only 
nececerry to comare the intensity of two lines in the same sliactron 
epectrua, Comparison of experinentsi and t*ecretical K/L ratios 
affords a neans of determining whether & gamma-ray transition is an 
electric or magnetic multipole. 

Axel end Dancoff (A1) have found good agreement between the 
experimentally determined lifetiaes of about 50 isomers and the the- 
oretical lifetimes predicted by the Wieseacker hypothesis ant corrected 
for internal conversion, 
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Neutron Sxeitation of Metastable Levels 

Bxeltation о? а metaatable atate in a eucleus by board 
dag the mielous with feet neutrons $a m special enana of inelastic 
aenttering cf fect neutrons, The proececa is shown diagramnetionliy 
in figure 1. Bonbarduent by neutrons witk lese energy than the en- 
ergy cf the firat exeited state of the target aucleaa, By, resulte 
in sixple elsstie scattering, an“ the nuglecs ia ieft te its ground 
state, If the neutron energy ie higher then E, the compound meleus 
een Ceesy to B, or to the ground state of the target meleas, The 
lowest neutron anergy capable of leaving the target meles in {tu 
first excitad stata La the energy of thet state. Fhe matantable 
etato generally in only a few hundred kilovelia nbovs tae ground 
etate amd will ba one of the first levals to be exeited, Tha solene 
| Mes rules which pravent the rapid deesy o? a metastable ctata may 
also prevent ite ready excitation from the ground state directly. 
Sines beth selection rules ani energy requirenents must be satisfied 
in meless reactions, it may be necessary to excite a higher energy 
lerel watch will deesy by pamea-ray emission to the metastable atate, 
Figure 1 shoves the direct anc indirect — of oredueing atate 
~ (assuned metas abi) іп в hypothetiesl meleus, The method whieh 
actually produces the metestable state depends on the meclfie selec- 
tion miss hich operate, 

The cross section for ezelting a metastable state ia the 
product of the cross sestion, с са for exciting tho componad nucleus 
ond the probability, V, that 1$ will decay to the metastable state, 
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Blatt ant Weisskopf (83) have derived an expression for 
the cross section fer the formation of the compound nueleus by neutron 
*osbardment as e function of neutron energy and the orbital anguler 
nomentun, | ‚ of the incoming neutron relative to the target nueleus, 


The expression is: 


se to Le e), 


A = wave length of the {incident neutron, 
Ы) x» tranesission coefficient for a neutron through the 
nuclear surface, 
Assuning there is no potential for neutrone outside the target nucleus, 


tho transmission coefficient 1s: 


ye Y ( t m І 
еге 
xs KRE; k = neutron wave nunber outside the nucleus, 
Хае ХА; K neutron verve nusder inelde the mieles, 
È з nuslear radius, 
p. factor — 279 | 
Methods for computing K and v are given by Blatt and Узі взор. 
The probability for decay of the comound nucleus to a givon 


excited state of the target nucleus nay be determined by utilising the 
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mien relatos the ercos sections for trensitíona ir both directions 
betwsen two states, Coneidering neutron eniesion as the only method 
of decay, the probability of tis compouzd nuclei decaying tc a state 
having energy А above the ground state of the target nucleus compared 
to the n other states having energies Е, above the ground state is: 


Y. € 


1 isn 0 
х (2- о Ре ) 


whore 

O (в, 1 ) = orose seotinn for formation of the compound 

nucleus fran level £, 
Za energy available for decay of the cormmound лае] емиз to the 
ground state of the targat anclas, 

The cross section for the formation ef the netnstable &tate cennct be 
accurately computed unless the erons neetlonn Tor the formation of the 
Compound meleus from All possible levels in the target mueleus are known, 
The calculation outlined above epplies erecifically to the cage where the 
metastable state is formed only dy direct ?Jsosy from the commpaund nucleus, 
In many cases the compound nucleus will decay to an intermediate exalted 
atate, which then — to the matmatatle state, “hen this condition 





haga 


91186, appropriate correctiora, involving vrobabilitias of poema- 


ray eniesion, mant bo arplied to the shove oaleutation, 


Beutron Yereus Photon Axeitation of Wetextable States 

Puring tha Process of inelastic soattering, a target males 
may absorb Tron any inecddeat neutron tha energy remained to raive ite 
self to an exalted stato, previding the neutron poceseses kinstio energy 
equal 80 om grestar than the mergy of the varticuler exalted atata, 
However, for the слав о? photons, preduction of an agclted otata in a 
bangt malena Lnvolvoa line absorption of only photons of tho ame 
energy an tnt of the arcited state. 

When a metactatla atate is prodaved in a maslewa, “he excit- 
ing medium meat anery in the angvlar monente: 2201767 to change the 
erin of tha melons from that of the rennt state te thet of tha mata» 
steble stata, Pires production of a metenteble stata by cuanto 
excitatica is vary improbable Dbeantaa the sere acloacticn rules whieh 
ineure the long lifetine of a meteasteble stete alco prevant the melas 
from abecrbing radintion eorremondting to a traneition from the ¿ground 
viste to the metaeteble stete Under mich e limitation, netaatebdle 
atetan, produce br oreationl Kntensities ef hoton bembanineont, mat 
be formed in te stame, A highly exalted state of the nveleus is 
produced, which then ‘seers Ur gaeme~rey transitiens. A fraetien of 
thease decors de бо the metantablo ntate, 

Nontrons have n higher orebabtlity than mente of cerrring 
into ths target nmolmie the 3 or 4 units of angular помола свод Лу 
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required to excite Uhe netastsble stete dirently fron the ground state, 
bel (31), using roscergie fast nentrons as bowbarding pearticlen, was 
able to excite the metastable stata directly from the ground state 1n 
ма ЭТ. but not in > Cf course, neutrons have s greater probability 
of carrying only one oT tuo unite of angular monentuo inte a target 
raueleus sani, therefore, vay also excite thoee higher energy 161030 


whieh are axcital directly fron the ground atate by photon ter bdardmant, 
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ul WRINBTAL KUDRRT 





The A (e. а) во! reaction, which cives a relatively high 
yield of nearly moneergic neatrone, was used as a source of fast 
neutrone for thie exceriment. If nevtrone of known and constant en- 
ergy sre to be obtained from thie resetion, the energy of the protons 
wast be &ocurstely known and must remain constant throughout 1141. 
vidual exeltation runs, Protons with the required characteristics 
were obtained from the .1,7. Rockefeller electrostatic generator, 

The i (p,m) reaction is endoergic, having a Q value of 
= 1,63 Кет, At ite threshold, 1.88 Mev, 1% supplies 0,029-ier 
neutrons in the forward direction, 

The target vas prepared by osvaporating metallic iithiues 
onte a tantalum baeking, То insure a uniform target thickness and 
to prevent boiling off of the lithiux during generator operation, 
the tantalum backing was located encentric to both the lithium fur- 
nace ani the nrolon beam and was continucusly rotated during target 
preparation or proton bombardment, The vacuun, which is anintained 
in the accelerator tube and deflection chambar, preventa the lithiun 
fron being oxidised, Target thicknesses were deternined by Taschek 
and Hemmendingar' a (T2) method of assuming tho thiekueas in Xer to 
equal the energy increment between the neutron threshold and the 
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first (geometrical) peek of the yield curve for sero degress. The 


tantalua Decking stops all ths protons, but does not react vith neutrons. 


Rockefel Generator 


The unanalysed beam of charged particles consists of protons 
and diatomie and triatemic hydrogen ions, The accelerating tube ie 
kept under vacuum, so that the ions suffer very few collisions and are 
nearly monoergic. The voltage across the terminals of the generator 
deternines the energy of the beam, After passing down the accelerating 
tube, the proton beam 1s bent through 90 degrees by an analyzing nag- 
netic field. The beam is focused at the top of the tube by a lens of 
adjustable voltage. Its cross section is defined at the bottom ef the 
tube dy two paires of crossed adjustable slits. The details of the prin- 
ciple, operation, and use of the machine have been well covered in the 
literature (21, W6, P1). 

А nuclear-resonenoe method is used for controlling the field 
of the analyzing magnet, This allows fine control and accurats meas- 
urement of the energy of the proton bean, The frecnency of the nuclear 
resonance ie measured and is related to the energy of the protons in 


the beam by the expression (Schoenfeld and Duborg (84), Kadden (X3) ): 


Eu kl, 


Ж = proton enerey, 


T = frequency of nuclear resonance, 
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Lavington (13) gives the totel uncertainty in the proton energy ав 
2 5 Kev, 

The neutron energy may bs calculated using the neseured 
value of proton onergy and the leva of aeonservaticn of navs~energy 
and momentun, A table of neutren energies corresponding to various 
proten energies has been calewlated in this manner by Willard (46) 
and was used by the author for this investigation. 





The yield of neutrons veas necourad with a lone counter sime 





ilap in desim te that of Henson an@ MeXibben (Hh), This counter ts 
ghown in Figure 2. Tha orantem ahteld prevento nestrone of vory iow 
anergy (owltinly seatteret fron the fleor, walls, sta.) from antering 
the paraffin, snd, therefore, nont of the nentrons vhtah ranch the 
central BR, counter hare only therssl energy. Payerimants have proved 
that these charactariatics of construction, tagether vith the eorract 
combination ef physical dinensiona meke a counter of thts tyre equally 
aanas tiva to a1] neutrons with energien batyveen 0,5 and 2,5 Мат (78, 
w6). The counter vend during this Investigation decrenees in relative 
sensitivity for neutrons vith energien below 0.5 Mar, as shown in 
Figure 3 (¥6). 

The anscetated electronia equipment coreisted of: 

(а) Regulated high-voltage supply (H.1.%. Servomechant ans 

laboratory, Eleotronta Nuclear Instrumentation Project), 
(b) Hodel 100 prasmplifier, 
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(e) Model 100 amplifier. 
(4) Model 105 Atomic Instrument Company decade sealer. 
Items (db) and (c) are deserided in detail by Zlmere and Sands (22). 


Beintillation Counter 

The ¿scey of the metastable state was datected by means of 
| a scintillation counter, The counter corsictod of an ROA type 5819 
photomultiplier tube with an enthracene crystal cemented to 168 wir- 
dow with Canada belaan, The erystal was approzimetely 1 1/2 inches 
in diameter and 5/16 inch thick. In order te increase the light re- 
flection inside the crystal, its exposed sides were covered with 
0,00025-1neh aluminum foil. A O.O0l-ineh mu metal shield, for the 
purpose of reducing stray magnetic fields, wurrounded the sides ef 
the tube and the crystel, The entire counter was encased in a 3-ineh 
lead shield, which reduced the background due to stray radiation, 
The lead shield was also light-tight. <A brass slider, extending into 
the lead shield, permitted racid and convenient changirg of experi- 
mental samples, The slider contained a circular cavity, fer receiving 
en, diameter foils or disks, which positioned the sample in line 
with the axis of the tube and about 3 ми. from the eryatal, 

The output of the photetube is extrenely sensitive, even 
to very emall fluctuations in input voltage, Therefore, if comparable 
resulte are to be repreduced over a period of time, voltage stedility 
ie necessary throughout the electronic setup associated vith the secin- 


tillation counter, Sola constant-voltsge transformers were used as 
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sources of power for all 9160470816 unitas, end a special voltage 
stabilizer yas insarted between tne high-voltage surply aná the 
»hetotuve input, 
The power for tha phototube was supplied by a regulated 
high-voltage supply of the type describe? in the nrerious asetíon, 
Tha nbototube signal was fed through a onthode-follower vraamılifier 
into а Model 3100 amplifier (4X2), The output from the amplifier wae 
fed into a Medel 210 (eeale-of-32) single-channel differential dis- 
eriminator shieh had been altered in themnner described in Appendix A, 
The reproducibility of resulte giver by thie equipment was 
established by counting the decay of radioactivo atsadards at frequent 
intervals during the investigation, 





A platinw-acresn gamma-ray counter, vhich ts currently used 
by the Radioactivity Center of the M.1,T. Phyveles Departeent for üe- 
termining edeolute disintegration rates, was employed to obtain the 
abaclute rata of emiesion of quan rays ÙJ a sample е? на У, The 
counter is similer to the platinun-sereen counter investigated by 
Peaeock (P2) during his determination of gamma-ray counter efficiencies, 
The standardized ue? sample was needed for estimating the efficiency 


of the scintillation counter, 
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Mattugh, the Austrian physielat, hae postulated two rules 
regarding the exietence of metastable states 

(а) Isemerien dees not oscar ín nuclei heaving an even 

uber of protons and an even number of neutrons, 
(b) Isenerlan occurs only in muelel whieh kave ground- 
state epina of 1/2 or 9/2 or greater, 

mo an even- even nucleus, is usually reported ae having a 
68-ninute netaetsble stato (mot definitaly established as teomerio) and 
appears to violate rule (a), weet having 4 ground-state epin of 3/2 
ant « 7. S~second metastable state, viclates rula (d), Xowfer, such 
rales should not be expected te ts without exception, and they at least 
wageest possible feomeric melet for & given maes numbar, 

gall, vith a ground-state арда of 1/2, conforas with both of 
Msttuch'e rulse, Therefore, it was not surprising thet Viedenbdeel (47), 
in 1944, reported the existence of a 46, 6-ninute metastable state in 
ga, Waedenbeck erroneously deternined this energy to da 0,195 Нет 
above the ground state, Hole (HL), in 1947, determined spectrographie- 
Ally that the energy of the metastable state wee 0.381 Мет shove the 
ground siste and that 14 decayes by gemma emiasicn to а level 0.235 Hev 
above the ground state, which then decayed to the ground state by guma 
mission, The currently accepted values for these levels, 0,396 Mer and 


0.247 Mer, were determined by Heluhelts, Hayward, aná Mediante (95) with 
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a magnetic lens mestrogragh, Goldhaber «ид Mueihaune (02), by ot- 


110 


serving the (n,7) resetion in SE, have confirmed that the 44, 6. 


nimate metastable state exists im 002, Deutsch (22, DI) eubeequently 
determined that the 0, 247-Ney auzited lerel decayet with a half-life of 
6 x 1675 second, and thio level has been reclausificl as a segond mots- 
stable stato in 134, Tharefora, this isotepe 58 mniqus Tonauss it 

is the only stedle rusgleus emrrantly known tio hara nora than one 


metentabla state, 


2 nevola us 

Figura Y lo sn energy level diegran for ah, It contains 
all of the enrrently published information (N1) about the decay of the 
excited states of ihe nucleus aná about the decay of neighboring iso- 
topes to CA??? by bota emission and E-ospturo, The presence of the 
four highest excited lavels was indiostel ty Viedanbeck!s (37) exei- 
tation curves for the 48, 6-nimte metestable state, He obtained curvas 
for both X-rey aad electron tombardnent of Cd, The threshold energy , 
observei by Wisdenbes- for produstion of the netasteble etate was 1.25 
ker for both types of extitation, 

The theoretical half-lives against decay by gamza-ray exis- 
sica of several different waltinole orders for beth metastable states 
of 647+) nave beon calonlated by the author using various formulas 
based on the Viezsacker hypothesis, The half-lives obtained by these 
calealstions, beth uncorrected and corrected for internal conversion, 
are presented in Table I, 
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Stable Cd!!! 


Spin = 72 Abundonce- 128 
a = conversion coefficient 


Figure 4 


ENERGY LEVEL DIAGRAM FOR Cd!" 
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À comparison of the experimentally determined ES, -minte 
half-life of the O.306-Hew level with (he theoretical half-lives correo» 
ted for internal cenversion indicates quito elesrly that the transition 
fron this level to the 0,217 ww 36701 їз hy elsatríe 2“ „әле or magnetic 
ectupole radiation (N= №), The anuignnent of Л = ki to tha 0,2192 
Mew trensition coircites with the multipole orter designated dy Xelmholts, 
Hayward, and Небом! я (95) вай by Axel and Dancoff (42) for this trang- 
ition, A similer conperioen for the transition from the 0,247 er level 
to the guna state (Tio am, w S x 1075 aseona) indicates that A 15 
2 er 3, tut doer mot nllow a ralilable aestqmment of a merifie value to . 

A knovledgs of the helf-24fa alors ‘eon rot alles Astermins- 
tion of whether a camme-ray transition involves an electria or e vape 
setis multipole, dut a comerizen of mperimentally obtained E or L 
eonvertior cocffietents or the X/L ratio ef the costfielenta with the 
eretically caleulated velues of the ame quantities say facilitate each 
e determination, Table IT givae currestiy eecented emertmentel and 
erienleted theeretiosl data concerning internal conversion for probable 
values of /\ for transitions frou doth neotastable states in 042, The 
theoretical values were enlevlatol fron formlas developed by Daneoff 
and Morrison (DI) or vare obtained fron tsbles oT graphe, bared on theae 
formles, preperel by Hebb and Nelson (H6), Table II ináientes vith re» 
ilíshle eertainty that the treasíticn from the 4S, 6-mimate leval 10 by 


alactrie 2 vote fadiation (the sane assignment haa been made by Nelwholts 


et al, (H5) ), Tf the transition from the É x no paimi level is of 
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TABLE II 


DATA OH МИРИНА comrersror oF oat 


Asctrie Megnatio 


| “y 7.72 5.63 3.40 
x "ux Hay F 6.05 0.66 
pus а, 1.30 0.906 5.08 
ey 0,09 0,094 0.015 
a” ма ан e, 0,01 0, 00585 0,0021 
N = 2,00 "xn, 30.00 б„ 7» 7.22 
ty 0,09 0,217 0.077 
* „ал мо 2 0,02 0,0185 0,0112 


= X shell internal convercion cesffici ent. 
o, * 1 shell interne! convereion 60811161 07%. 
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the A a 3 type, Table 11 intícatos that 1$ le probably ty magnetic 
quadrupola radiation, but if / = 2, the table faile to indiente 
specificelly whether the transition is by electrice madrurole or nam 
netia dipele radiation, The diffieulty of assigning the correct 
multipele order to thie transition 1e smhaaized by the contradictory 
reports in the reesnt literature cenesrning this treneitien (02, ¥1, 
#5). 

A matastabla estate is defined as any exeited state haring 
a mensurable lifetina, velroseker showed that assigning an anguler 
morentun to tha ustastebla state differing by 3 to § units fron the 
angular momentum cf the state of lower energy to whieh the setactable 
state Ceaays ty gamca-rey emission fustifies theoreationliy ite ob 
servadle lifetins, Inetrwentation and seaming teehnienes have ле 
proved so much sings veilzsaocker gugrested hie byvothesle thet decays 
of axeited statea with тату short lifetines are nov Antectatla, There- 
fore, Leomera valeh >ave reeently been (6 x 107° secona 0412) or in 
the rear future will be reclassified as matantadle mey have постах 
monentvm differences less than 3, bevanwe of their very chort iifetines, 

Figure 5 shows all the pessible eexbinations of angular 
Bementums for the ground and metastable states of O4" for those 
deaay saan Walch ara indiaatel by a commarison ef theory nul «em 
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Figure 5 











Whether a dateciobla amount of activity of a metastable 
state may be excited or net desende on the cross section for the 
formation of the metastable atata by ths particular type of exei- 
tation procesa eaployed, The cross section for the formation of a 
metastable state by the inelastic scattering of neutrona 1s usually 
very omall, The ease with which the decay of » metasieble state 
may be detected decands on the energies of the gamne raya anil elet- 
trona mmitte? during the deoxy ant on the wencitivity ef the data 
tion equipment, Therefore, high backgrounds or mhetantie) amounts 
of interfering radivactivitios cannot he tolerated, Feasible seerans 
of bacxground daring thie invertigation were stray radlatica from 
пае) ват rachines, Sources, ete,, cowie radiation, light leaks, and 
themal өлі віспа in the photomultiplier tube (teelf, Prier to the 
actual experiment, considerable tine wae spent Im reimeing do и 
»inieun the amount ef kariigraund available to thse crystal aad the 
photetube of the scintillation counter, Interfering radioactive ĉe- 
Gaya, which mey accompary tha desay of the netastable atate, result 
from nuclear reactions initiated in the imourittes or obhar isotopes 
present in tha sample by the tosbarding nectronw, 

The differential diseriminator vas ecpertelly anrilenble 
for use ns a counter ín his erperipent because ít eosusis only seti- 
vity of the partieniar energies te which its window is sensitive, It 
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wae five tinea less сапа Гуа to backrroond than an Átomio lasiruent 
decades sealer, vhent both instruments were sounting the name background 
sina taneously. 

The axpariaental samples were sede from high<purlty бозгун 
eil esdxium wheet nemufacturel by the Balnont Smelting amd Refining 
Company, cf Yeme, Kaw Jersey. A coseirenesoio analysts of this 
eadmius indiestal that It contained scout 0.1 per cel oovper and 0.1 
per cent lead, tut ло impurities wera present {n wuffieimt quantities 
to interfere with detecting the decay of the metastable atate,  Unfor- 
tunately, the isotope, CA”, An only 12.8 per conb abundant in natural 
eniniwo, Table III contains data on all the stable imntopsa of enäniun 
and eivos the melear reuetlonn whioh ean oomur when thase isotopes аге 
mibjested to basbarinent by neutrons of the energies used in this ew- 
peryment, Desay of 08307 ana 64°? 4s not important daomısa tha per 
cent atuntanes of 0% ana cai" in natural cadmium 10 so low, Ne 
reaction between 04112 пай neutrons of moderate of lesser energies hes 
ben observed, Cd ang 04)?” are stable molidos, so no further 
nuslenr resections reeult fron neutron eeyture by Od and Cd, 
Therefore, the only possible reactions whith mey interfere with detec 
tion the decay of matsstsble *04  . formed fron stable CA? aro: 

(a) The formmtion of netestable "04^ fron capture of 

fas neutrons ty 00220, 
(d) The formation of metaetsble *04112 fron inelastíe 
esattering of fast neutrons by 04113, 
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lo) The formation of unatadle саї15 and cali 


of fant neutrons by CA? ana aÉ, 
(4) fhe fomation or "04:23, 04725, ор 04:21 wy варите 
ef thermal neutrons, 
Ways of proving that these interfering reactions are unimeriant or cf 
correcting for their effect will be deserted in later sections of thie 


chapter. 


Figure 6 shows the experimental errengement used fer irradi- 
ating the cadmium samples, The 48.G-nimts helf-life of the 0, DÓ-Hev 
metastable state £n 037% permitted locating the counting equipment 
remote from the vite of the irradiation, Figure 7 shows the setup of 
the ecintillatica counter and ite associated siectronie equipment used 
for detecting the decay of the WE, =minute mutsatadle state, 

The long half-lives ef some of the unstable Lactenes of cad- 
sium which remit fros neutron capture prevented resing a mole until 
approximately two weeke after a previcus irradiation, The 25 sssples 
used Curing the loveatigation were osáníum disks 3 om, in diameter and 
1,626 mm, thick The mane of tha disks varied between 10,015 and 10,085 
grams, Reletively heavy disks vere uee rather than light, thin feile, 
in order te insure the produetion of & significant amount of netirity, 
even though the cross section for the formation of ihe matastahle state 
vas very wall, 

During those sxperinental rune which were used bo pbtain the 
excitation eurve, the diak was positioned by an siminz: holder with its 
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Figure 6, Arrangenent for irradiating the cadaium disks, 
ahowing the magnet and chamber of the ZMoekefeller generetor, the 
tantalwe-backed lithium target and the alumimen disk holder, 





E " M II 














Figura 7, ‘Setup ef ealpment used for istecting the decay 
of the metastable state, showing the high-voltese power supply, voltage 
stabiliser, lead-sheathed scintillation counter, eathode-follower pre- 
amplifier, amplifier, differential discrininster, and decade sealer. 
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was cperated at 1050 volts, end the coarse and fine gein settings of 
the emplifier were 5 and 7, respectively, The operation of tho am- 
plifier in conjunction with the differential diserininater was improved 
by adding a cne-microsecond delay line clipper to the amplifier cirealt, 
Preliminary experiments indicated that thie combination ef edjuctmentes 
to the counting equipment gare the maximum ratio of desired deany 
counts te background counts. The window ef the a{fferential diseri- 
misator was adjusted to count preferentially the decays of "08... end 
to disoriminstes as such af posribdle againet any other interfering 
decays. The actual width and leeation of the vindow were such that all 
pulses batween 6 and 25 volts waré counted, The aetivity predueed in 
the sample increased as the energy of the bosbarilog neutrons inereaeed, 
eni the number of background counts varied fren SO per cent te Y par 
cent of the total counts, depanding on the aotivity of the sampile, The 
number of acintillation-eounter counts oecurring during the 45-minute 
eounting neriod wae reecried fer each sanple, 

The induged activity in the sample (scintillation-counter 
counta/long-counter counts) wae plotted sgainst the maximum energy of 
the neutrons traversing the sepie during an irradiation, This neutron 
excitation curve ie shown in Figure © The portion of the eurve below 
& neutron energy cf 0.8 Kev has been adjusted, as indicated by Figure 3, 
for the deereaee of long-eounter sensitivity at theae lower energies, 
The ewift rise of the curve at energies juat aboye ihe neutron energy 
associated with the lithiua threshold may be due te the decrease in 
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center in line with and perpendieular to the proton beam and at а 
distence of à cm, from the lithlım target, The holder wae nade frou 
aluninus because alucioum le almost sonpletely transrarert to neutrones 
of all energies, The dieks were irredisted for periode of one hour 
with mcacergic neutrcnus of various snergies obtained fron the 14! (y, в) 
resetion using 2 6 Fer thick target or the Reekefeller generator. 
Fifteen minutes efter the end of the irradiation, the radlosetive ĉe- 
eeye occurring in the disks vere counted in the seíntillation counter, 

If the different points on the excitation curve are to have 
comparative values relative to each other, the neutron flux traversing 
the sammle mst ђе uniform over the entire period of each irrediation, 
Several times during this investigation the Pocksfeller generator op- 
erated unesticfactorily and the oroten beam was unstsble and epermile, 
Pane which were marred ty lengthy interruptions of the neutron flux 
ware of little valus, 

The relative nuxber of neutrons traversing the semple for 
the different points on tha excitation curve wae determined by the long 
counter deseribed in a previous section. The counter was sat up one 
meter from the target and at sere degrese te the proton bear, The 
fusmber of long-counter counts occurring curing each irradiation was 
recorded, 

Yiftesan mimtes after the end of the irradiation, the decays 
occurring in the sempla were counted for & period of №5 mimtes by the 
scintillation counter, During this investigation, phrotomltipller tube 
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leng-eccaonter rsnoltivity st very low energies, & region sbowt which 
Figure 3 gives no inforsation, Alternatively, is ney be dus te a 
sharp inereses in the cross seeticn for neutron eanture by sema of 

the cadmiws isotopes «t very lew neutron energies, Binga this cer- 
dition oecure at neutron anercies vell below the energy of tha 48, 6. 
minute netastebdle state, resolution of the questies ia net pertinent 
te the investigation of the metastable state, The statiatices er- 
countered {r obtaining the dete for the axeitation curve represent 

an average wneertwinty of 2 zer sont in the value of the omiinate, 

Ths significence of the two sharr chesges ін the slore ef the curve 
will be discussed after the curve hae bees correctod for interfering 
decays and far the neutron energy eptead rasulting from the finite 
target thickness, angolerity, ete. The asistente of thess breaks in 
the curve мав confirmed with certainty by the fact that their location 
whe reproduced by a secend set of date obtninad three menths after the 
first set, 


Elimination of the 20790 of Interfering Decays 

The 1§-ninute interval between the ond of the irradiation end 
the beginning of the U5-nimate counting variod allowed any 2, }minute 
metastable *0412> te dseay to a negligible amount before tho setal 
counting wae started and also provided the time recaseary for trans- 
porting the sampla fron the targat room of the Rockefeller ganerator to 


the loaation of the counting equfvwant, 
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The enepe of tha funómental excitation curva betwsen nsuiron 
energies of 0,2 and OT hev r&ises » mumpielon that the curva really 
representa the mua of saveral activities vith 4ifferent half-lives, 
Therefore, an irradiation identical to these desoribed іа the previous 
section vas made, ani the decay of tha semple vas followed until the 
setirity was decreasing at a very slow and wnifors rete, Figure 9 is 
& graph of the total activity of the semple egeizust the time after the 
ead of the irradiation plotted on sami-log coordinetec. Tas deusy 
graph of ва activity with a aingle half-life shoul te a straight line 
when plotted on such coerdinates, The curvature of the plet confirme 
the suspicioa that the total activity eonsLate of two ef mora sapa- 
vate activities with cifferent half-lives. according to the previous 
section, the possible components of the total activity are 8. 6-ainnte 
"а", 2. 33-4 ву 015 43-day са115 and 2.8-hour ca. 

Mince no antivity wes observed ía the samı)o tm werks after 
the irradiation, the existenee of the 3-day activity was ruled out, 
The shape of the decay curve 2D hours after the end ef the irradiation 
was what would be expected for ihe decey of tha 2. 35-day activity alone, 
This activity wee subtracted graphically from the total deeay curve, 
The slope ef the right-hand portion of the remlting curre confizmmed the 
presence ef the 2,8-hour activity, Separation of the 2, 8-heur activity 
in a similar manner revenied thet the rewaining activity deeayed with 
a 46, 6-mimite half-life, This graphical method of half-life sensration 
is illustrated in datail im Figure ©, 
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Sixteen additional irradiations were nada throughout the 
range of neutron energies coverel by the uncerrected exeitation 
curra of Figure E, inco radioactivity decays according to an ex- 
penentísl law, the amount of activity remaining five half-lives after 
ite production ia a negligldle fraetien of ite initial value. There- 
fore, the anount of 48, 6-ninute activity rensining efx hours after 
the end of the irradiation 1e negligible and the amount af 2, hour 
activity remaining 19 hours later ie ales negligible. The decay 
carvan for each IArraülation were extrapolated to zero tine, and the 
total activity was reed from then at O, 6, and 25 hours after the 
езй of the irradiation, Sinee it has been definitely established 
that only three separate activities exist, the knewledge of the 
total activity at these three tines affords & neans of computing 
mathematically the initial induced activity for sach separate halfe- 
life, Next, the aporopriates Bateman equation for aceh radioactive 
decay wan integrated between the limite of 15 and 60 minutes, The 
total number of deonys of «ath activity occurring in the 45-mimte 
counting period wee obtained by substituting the specifico values of 
initial activity in the proper equations, Finally, this information 
was used to express the intercral quantity of each separate activity 
as a fraction of tha total activity observed during the lifj-ninute 
counting pericó, Tigars 10 shows the varying shape of the tots] de 
бау curves for substantially different fractions of 45, 6-ninate 
activity, 


EL 


| dt Nadel — везива ја | Liliane une! 

— 2 ⸗ le een 
—— — en А — te ar 
ЕКЕ ЕДЕСА ferme ott mel Lal rara 


و 


mt air ASD Yo MAA Al р моет PA 










— iftos ай €) win curd T пода дат Vivi 
Die ced 
ad fia vd Bn D if ar m vita ad 
мане 
ма» ле agains pt les cH sma ant ne 
—— d 
| ALE eames Ae et frie Lamha iin e рам тит 
в $ втрат Фо vot eldume mast ма e m uM 
- ДА КА АЕ amb 
helel odi e) yr tren Mid вво — За eeu intel 
d— 4 bh aem ate Ба Рал 
—— at heal artisa wand a ai ind atria 
ИСЕЧЕ wd) meten ot ises ase 
———————— ¢ om 
«5 Јано dé Te pese pium e meh CU rmm lo Dass ga Hae 
Aue IF за soc Marti чај оно ae) ru v 
<A risas 

e 




























48 6min ‚254 
28hour 607 


Neutron Energy = 506 Mev 
¿33doy = 139 


| 


Neutron Energy = 312 Mev 
D 4B 6 min 0.000 
2 8 hour "ӨТТ 
2:35 00) 2 


EPA — ae,” = 
nts/3 min 


Neutron Energy - 1056 Mev 
486 min = .874 

[ 2 8hour = I05 

E e 53day вене! 


+ 

р | 

|| : E 

IAN 

144 
— 

re- 

Lo 


Activity Inducec 


| | 
8 IO 12 14 16 18 20 
Time after End of Irradiation - hours 


Figure IO 
COMPARISON OF DECAYS FOR DIFFERENT % S OF 486 MINUTE ACTIVITY 


С 











45 


Figure 11 contsine the separated exettation curves for the 
three different sectivities detected by the seintillatioa edunter. The 
megnitude of each activity wes obtained by multiplying the crdinates, 
at the proper neutron energies, from the fundamental exaltation eurvo 
of Figure 8 by the fractional values сајсцјаћед for each of the 17 
half-life separaticn rons, The probable error in the ordinates of the 
carves of Figure 11, which 1e primarily due to the poor statistics at 
the lowactivity end of the half-life separation decay eurves, is 
estimated ag approximately 5 per cant, 

The possibility that some of the activity detected may be 
dus to the capture of thermal neutrons wist not be overlcoxed. The 
source of thermal neutrons could be the multiple scattering of fast 
neutrons fron ihe walls and floer of the target room, Despster (Dh) 
hes determined by mass spectregraphy that сё? 12 is the isotope of oad- 
míun mainly res;onsitle for the Absorption of thermal neutrons, YNayer, 
Peters, end Sehmidt (M2) have sleo reported that their cross-section 
determinetione for enriched cadmium isotopes indicatesthat abserptien 
ef thermal newtrons by all the isotopes of cadmium except се219 is 
negligible compared te the espture of thermal neutrones dy 0472, the 
previous section has alresdy pointed out that the capture of neutrons 
of eny energy ty 04.2? is unimportent to thie investigation, becanso 
0412“ ia steble anû no interfering decays reault, The conclusion 
—V—Q———— la ünimertant was 
reaffirmed exverimentslly during this investigation, Am irradiation 
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wee made on a sendwich of thee identical cadmiun étare, Deeay curves 
for en outer dick whieh vee exposed to any backeround ef therwal neutrons 
whieh may have exieted in the target гост ава Тет the center disk whieh 
wash ehieléed from ech a dbankaeround were erunl within statistics, 

An socurate determination of whether om of the НЕ, без гађа 
metestevla 007? me being formed Y) the sheorption of fast neutrons in 
04120, snetead of ty the inelastic seattering of fast neutrons by 04777, 
was impossible. However, the relatively паї amounts of 2. 8-day and 
2, 33-hour activitias observed and the danrth of the МЕ би пића set 
wity la the vieinity of e 0, hier neutron energy indieeteas that the 
стове section for this capture resection le Tory Al} im am anergy 
range covered by thie investigation, Therefore, the effect of neutron 
capture ty 00120 hae been seglested, 





Terrat Thisiness, ond Mundet y 


The energy resolution of (he nbseiasas of the excitation wurves 
obtained during this luvestignticn may be affeated ty threes factors? 
flustustiena in the energy of thea proton basm, the thickness of the Mthiur 
target, end the depemlence cf neatron energy on the engia of nestron 
exlualoz relativo to the direction of the proton baem, 

During thie meparinert, the Rockefeller generator vas operated 
with a total exit elit opening of one me, Cuch an ad fustment of the 
dean defining alite, together with other characterietios of the generator 


Th 


ФИНЕ ДАМО uni add Le dl wem? On ms hene + oe Ober new 
antie levd to wesee sad vm» M Degen DD (sty чаја с тета m rot 
Aoi Saib табар 500 to? haa cowl Copel of) Gs Pr tet amm! que Сэ} 
_ МЫ aifi fue omu hard © Gre s mt delia dao эзе 
cria AM idi Ye me minty wa ritarien ormas pa 
— aad an Î athe 
н ati o lo imet lan 
o OID Yi srs [Sere Vr Ai mit ометена either! em 
Ime oi Dl oe Ve Mm ъй! Pee eterno rei Prio mnc T 
a um crm) a a o a e ҮК 
mem on ct Clee Quer «d moa e аы wen oe cau 
pandas te nehs A are отч Ген Мз бб unter m eut 
Лоба — — موجہ ہے مرآ‎ 


4224 aaa y eet elit ork eid cl De rt тай 
AC Ad. NO. LGS. 
ТУГУ ИУ a da ben em 5 
mia) веч of meh a rm o ds ae ten ea 
RILI AdS Ye cmd mi) — ds neu 
aoma YA «Ду 101 m ns мы —— АЙ а рыд 
— AND AP ta жыйн!» э” af ide chos km 
tem un m BI of ee de 
a) Ye PA e کا‎ om ne 90 سادا‎ Pile tice atoi د‎ 39 
А КА ЈА —⸗ nn are ae nf 




















48 


Which gentribute slightly to fluctuations in the yeoten energy, Ceresa 
a apresa in the energy of tha pretona etriking the lithiwm terpat of 
less than 5 kilevelte, The eprend in neutron energy resulting from 
this resolution in proton energy relative te the spread in neutron 
energy cauend by other responsa la vary mall, in fact, it te orob- 
ably esaller than the probable error in the determination of the thick 
ness of the lithiun target. Therefore, ite effect has beer neglected, 

Because of the iow eross section for the formation of the 
metastable state, 55 wae necessary to use a thier lithium target and 
to place the sample close to the target, fm order to exelte a eig- 
nificant amount of activity in the sample, This pregsäure involves 
a se@rifios in the resolution of the anergy of the neutrons traverse 
ing the sample, 

A target with a thickness eqoivalent to 6 kilewlts of 
proton anergy vas usod to obtain the exoitation curve shown in Figure &, 
The method ef determining the tarret thickness ie daseribed tn Chapter 
111, Che neutrons produced in ^ target of finite thickness follow A 
rectangular nusber-anerey distribution, The average spread in nentron 
enersy resulting frou the -kilovolt target (excreseed in proten su 
argy) 10 50 Kliorolts, 

The 3-om, cadmium diske ware loeated hk am, from the lifghtum 
target during the irradiations, With the aemple et this position, all 
the neutrons emerging from the target hetwea the angles of O and 20,6 
degrees strike it. The spread in neutron energy, due to emission angla, 
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varies fron 25 kilovolts at e neutron energy of 0.4 Ker to NC Filovolts 
at 1,4 Mer. 

In Figures 8 and 11, the activity induced in the samples is 
plotted sgainat the marimum energy of the neutrons producing it, It 
ie desirable to correct these curves so that the induced activity is 
plotted against the mean energy of the neutrons producing it, Yillard's 
(¥6) curves of neutron yield from the за (а) reaction versus angle 
of neutron emission indicate that the yield is nearly constant for 
englee up to 20 degrees in the energy range of thie investigation. 
Therefore, 1% was assumed that the neutren flux wae unifora over the 
whole angle at the target intercepted by the sample улеп making thie 
correction. 

In the foliewing discussion, the total neutron energy spread 
due to target thickness 19 represented by ба and that due to the 
solid angle interespted by the sample by Ad . The actual values of 
Аз, and X, for the anergy range covers in this experiment, were 
calculated with the aid of a table, “Neutren Energy ae a Function of 
Proton Energy and Angie fer the TU CN PU Reaction,* prepared by 
Willard (¥6). 

Let 1% be assumed that the cross saction for the formation 
of the metastable state ie constant over the energy spread, A Хр» and 
that the neutron beam ie monoergie at sero decrees ( 23, = 0). Then, 


as the angle at the target inoreases, the increment of annular area on 
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the sample, associated with a epecific increment of An, das la 
crosses, Therefore, the number sf neutrones of a specific energy 
striking the sample incrasses as the angle at the target inereaces 
and the neutron energy decreases, The mean neutron energy, consid>- 
ering energy depenience on angle only, ie rigorously calculated to 
ve [a - 0.72.45, | . te seintitiation counter, because of 
geometry, counts the decays occurring near the outside of the sample 
less efficiently than thece cecurring at the center of the sanple, 
This tends te counteract the effect ceserited above, ané the mean 
energy of the effective neutrons may be taken as approximately: 

Е ах = 5 А x, | : 

Then the totel corrsotion to be subtracted fron ی"‎ 3" 
suring a rectangular nunber- energy distribution for the spread of 
neutron energy dne to target thiekness, ie approximately: 

[0.5 Ax, «0.5 A, | . кебше (М3) hee derived a formula vinteh 
ineludes secondary effects cue to changing eurvature for making 
this type of correction, The simplificatien of Nelus!a formia, 
shown Belov, gives an approximate, but convenient, nethed of making 
the a⸗virea eorrection te the nentron axeiteation curve, 


№ (не) * МЗ М1) - 6 MR ax + 2 ) = 1/6 AOL ax 779! 


War" xim neutron energy reed from Figure 11, 


$ = 0.5 Да, + 0.5 AR. 
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A(X) = induead netivity for energy X rend fron Figure 1l, 
an Ban“ © = mean neutron energy on cerrected azel- 
tation curve, 
WB an) ™ induced eetivity fer mean neutron energy on 
corrected exetfioticn curve, 

The uso of the above appreximaticr le Juntifiad because it 
ínvolves only a elirht deriation fron the true correetion, vhich is s 
mall per cent cf tho total induced setivity, This eorreetion does 
net apply et the thresholds Тер the fornstior of the metasteblo atate 
and higher exeited levels (indicated by aherpechangos ín the ulepe of 
the ercitaticn curve; er in the energy intervel equal te [An « Ax] 
ebove these thresholds, ‘Shen the maximus neutron energy is {ust equal 
to the threshold energy, the correction mast be sere because only 
neutrons with ths threshold energy are contributing to the excitation, 
At en energy [Az + Ax, | above the threshold, 212 the neutrorna 
striking the sample sre petertially effective, anc ths cerrection be- 
esmes applicable, In the region where the correetion, aecording to the 
above formula, is not applicable, the true correction 1e vary compli- 
ested ani depends on the fraction of 211 the neutrons striking the 
sample which is effective in exusing erettation, as well as on Ax 
еза Да . Tle amount of experinentel data cbtalnad in these eritieni 
regions wes 1192077101501 to alloy making an aceurate correction te these 
pertions of the uneorrected exeitetion curve of Yigors 11, 
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Keue’ a simplified formlea was applisd to the excitation aurve of 
Figure 11, exeest in tha critical regions above the three thredsholis, 
In these regions, the correction varias from vera at the threshold 
to the magnitude gives by the formula at an energy of ( 4 Ж, + A z) 
above the threshold, The corrected eurve 14 shown in Figure 12. The 
shape ef tha curve in the uneertain regions above the thresholds has 
heen aetinated by extrapolating the know: rertions of the curve back 
to the threshold energies. Tron tha erosa-sectio^ standooint, the 
mesi important part of the exeitation ewrre le betutan the threshold 
for the formation of the matastable state and the Firset excitad level 
abovs it. ‘Sines this portion of the curve ia relatively flat, а 
slight error in the shape of the curve Aust above the threshold is not 
very serious, It should be noted thet the threshold and the exeited 
levels occur at the same energías on both Figure 11 end Figure 12, 
Tha corrected excitation curve indicates that the thresh 
hold for exciting the metastable atate ie 400 = 25 Kev, The presence 


©? excited levele at 720 > 20 Kev and at 1,15 2 0,02 Мет ia also ei- 

dent. The arrora явні реб above are cue te uncertainty in determining 
the target thickness, {а correcting for interfering half-lives, target 
thickness, ete., and in draving the curve iteelf, 





A knowledge of the absolute cross section for tha formation 
of the matastsble state may facilitate assignment of & value to Á e 
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the orbital angular monentun of the reatron which exalted the state, 
The deterninstion of thin eross asction from the experimental data 
elreedy obtained recutres » movleles of tha sbrolute nentren fluy 
incident or themmrle and cf the efficiency of the eeintillation 
Counter for counting ths decay of the netastzeblic state. 

The absolnte neutron flux was determined for one point on 
the exeitation curve by utilising Nensee, Taschek, end Williens! (#7) 
dete on neutron yield from the nt (n,n) resection, A sample was it- 
rediated for ons hour with neutrons from a 3,1-Ner proben bean 
inotdont on a D-kilovolt lithium Фетел, Hanson et al. report that 
а I. 1elier proten bean on a hoO-kilewolt target yields 4.3 x Mi usan 
per mnlerssoulob per unit 20118 ungle at sero degrees, Assuming that 
the yield 12 directly nvocortior91 to target thicknens at this energy, 
the yield during the one-hour irradiation of the cadmium sample was 
3.2 х мб Aentrong par nicrocoulemb per unit enlid ancle at sere бе» 
grees, The total number of slerveculends resorted by tre hera current 
integrator of the Rockefeller generator during this run wes 206% . 
The eolid angle intercepted by the 3-cm, diameter diet located à em, 
avay 10 0,396 steradions, Therafore, 2.62 x 10% zeutrone traversed 
the sample during the irralíztion, This sammle was also counter in 
the seintillation counter for NS minuten, starting 15 mirutes after 
the end of the irradiation, The induesó activity fer this Tun, ex 
pressed as ecintillation-counter counts per incident neutron was 
7.56 x 1077, The indueed activity from the excitation curva of 
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Figure 12 for the same mean neutron energy, 1.357 Kev, fe 5,48 x 197* 
escintiliztior-ocunter egunte per long=counter count, The curves of 
Figure 12 may De normalized te give induced eativity in terme of sein- 
tillation-counter counts per inaident neutron by multiriying ita 
ordinates by the ratio (7.56 x 1071 /s, e x 10%, = 6.92 х w”, 

The reeclving tine of the seintillation esunter wee not 
short enough to diseriminate between the decay of the 4S, 6-minute note- 
stable state and the decay of the § x 10” -ssonnd metastable state, 
Therefore, sach transition fron the 0, H6-Kew level to the O,2hT-Hev 
level is accenpanted by a simultaneous transition from the 6, 247Hev 
level to the ground state, Zoth gemus-rey transitions are partially 
internally converted, All the vessible radistions avallable to the 
countar frox this decay nehme are listed below: 

(a) O, Har uneonverteül games vay. 

(1) 0,120-He* esnversion eiectren, 

(e) 0O,9h]-4av unsonrertei gamma r^y. 

(4) 0,921-Mev conversion electron, 

(e) 0O,096-Mav cadmium X-ray, 

The 0. UH-Her gamma ray 10 92,2% per sent Intamaliy oon- 
verted (a # 12) and the 0, 207-Nev gnome ray is 9,07 per cant intern 
alty converted (a =“ 0,1) (91). The range of ths 0,221-4pYr electrons 
in eadmius ts 0.005 em, and the enmple diake were 0,1625 om, thick, 
Therafore, mily the 0,005 os, layer on the cuts ids cf the disc toward 
the oounter fs effective in amitting electrons, and the number Trom 
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this source is negligible. The 0,12 3=igwe slectrons hero n much shorter 
range, 40 their effect ie ovan nora negligible, The self absorption 
of tha X-rays, O.150-"ev ganma raya, and 0,.207-ev games rays in the 
eadnium disk 1s 04 per cent, 4 per cent, and 20 per cent, reanect- 
ively, A comprehensive treatment of a1] the nuclear баба given above 
indteates that 86 per cent of all the radiation emitted during the 
decry of uotectadle 64111 18 0,2\7-Нат unconverted gama rayo, Binge 
the sounter efficiency probably inereases with incressing ganine-ray 
energy, the 0,247-Nev geame ray may be on even greeter fraction of 
the total effective radiation, Therefore, in determining the e^fi- 
сјетву of the ecintiliation eounter, it will be assumed that only 
the 0. 247-Кат gema raya are Countel, Of coursa, the total number 
of counts racoried by the »seintillation counter includes 1. ђенет 
beta rays fron the docey of 2, 8 hour ca T una Huber bata rays, 
1,1 Fer bete reyo aná 0.5287 gana rayo fron the decay of 2.3% 
day CAS, as well as the radiation from the deesy of metastable 
«Guill, part of the unvented radiation fron 04235 ang calli ја on 
eluded by the window of the differential diseriminator and the re 
mainder hee been separated fron the radiation emitted by decaying 
netastable *C4 by the half-life-separation method already de- 
scribed in s previous section 

ag”? decays vith a lf-day half-life by emitting a 0,210- 
нет bata ray and a 0,279 er gana ray, This isotope wes reedily 
available at the tina of this investigation, Since it emits а 
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single gemma rey of nearly the soma energy as the 0,247-Ker gama 
ray fron metastable са! and also hes s relatively long lifetime, 
„У wae chosen as a standard for estineting tha efficiency of tha 
seintillation eounter for detecting the decay of metastable raya 
Some kg vas sealed between tro lusite diske, 3 em, im diameter 
and 1/16 inch thick. The uniform distribution of the ug? between 
the diske gave &oproxinataly the same counting geometry ae that of 
the cadmiun semples, The lucite completely absorbed the beta rape. 
The nethod of determining the sbeolute rate of gamuerey emission 

by the standerd ie deserided {n Appendix 3. 

E At the time the efficieney of the scintillation counter was 
&etorminel, tne 6202 standard mafitted 1.107 x 10° game rays per 
second, ‘The activity of the standard, the ninimw acceptsble to 
the slatinum-seree: guaeeray counter ueed for atandardisation, wea 
sufficient to fam the register of the differential Alseriminater, 
Therefore, an Atomic Instrument Company Kodel 105 decade sealer with 
a conventional diseriminater was used with the seintillation counter 
for the effieieney determination, The Hg > standard enttted 


2.98 x 10° gonna rays turing a Wioniomta counting period, end the 


decade seater actully resorded 1,672 x 10° eounte during this time, 
This gives a counter efficiency of 0.56 per cent. Since the differ 
ential ifaoféninetor vas used for the experimental rena, this figure 
must be corrected te take into account the radiation which in u» 
eluded by ite window, and a correction must also be made for the 


raltation which in nelf-abeorbeä in the ondalun samıle, 
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(Y) termine tha absolute number of deesya Zor this 
spocifie ran by apolying the officlenegy cbtained 
vith the decade scaler and the Kg” > standard. 

(a) ater the curve of Figure 12 at the nem neutron 
energy used in (a) and asrmalize the eurve to the 
aveolute valus determined in (tj. 

The above proeedure was not used teenuse the window ef the 
Ciffereatisl diserininater exsludes a largs part cf the unwanted ecti- 
vity fron the desuy of Cd) and Ca! , uhieh ie counted by the dece 
scaler. 

The eroso section for formation of the metastable state was 
osapatel by use of the Following formala) 


3 niet, 
I, = neutrons ineident cn the sample, 
1 » neutrons which traverse the simrls without exeiting 

the metastable state. 

1, = 19 neutrons exciting the metastable stato, 
n ——————— Pp M 
O = cross section for formation of tha metastable state, 
$ а thickness of the sample, 


Tha s>ropriste calenlettor indtéstesr thet 0.383 of all the 


111 


ca melel @reited te the metastable leva) during the irradlation 
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deeay during the U5-nimte counting period, Therefore, the quantity 
(1, e I) also equals the absolute number of decays cecurring during 
the counting period divided by 0.383. After final simplification: 


1. • 1 
en = 0.686 x ordinate of Figure 12, 


0 
Figure 13 is a graph of the cross section for formation of 
the metastadle state plotted against the mean energy of the ínotdent 
neutrons, The ordinates of thie curve is subject to an estimated error 
of = 25 per cent due to! 

(a) The probable error in the ordinate of Figure 12, 

(№) The uncertainty in the absolute rete of gamma-ray 
mission by the ng etandard, 

(e) The assumption that the seintiliation counter counts 
enly the O.2"]-Mew gamma ray from the decay of the 
metastable state in est 

(а) rror in Getermining the absolute neutron flux, 





А comparison of the experinental cross sectién feor the forna- 
tion of the metastable state with the theoretical cross section, 


og tt? as a function 


© ي‎ Q), far the formaticn of the compound nucleus, 
ef for the ineozing neutron allows the assignrernt of a naximum velue 


to the crdital angular momentum the neutron can carry ів, The quantity, 
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о e f J, has bem cnleulated following the sethod of Blett and 
Waleekepf (23, an desoribed in Chapter IT, fer ike neutron-energy 
region from 0,2 Kev to 1.2 Mew for values ef ( from zero through 
5. It should te noted that these ealenlations involve the kinetic 
energy of the rentron in the center of mass rysten, Mewerer, eines 


par 


l is a relatively heavy muelsun, the kinetic energy of the 
neutros ís essentially the same (x both the center of mass and the 
laboratory syntes: ове с) which are in a range « few orders 
` of magnitude above and helow the experimental cross section for the 
formation 607 the netestabla state are plotted apainet me^h neutron 

. energy in Figure 14, The experimental cross section in the vicinity 
of the threshold has also been plotted ou the graph im Figure 1b, 

_ The curves of Figure 14 are plotted on sení-log graph paper in order 
2 that a practical sesle may be used for the vertical coordinate, An 
unquelifiad evaluation of these curves indicates thet ihe most angu- 
lar monentum whieh m neutron ess carry into the compound neelaus is 
| . 3. 

The formla for MU the fracticn ef nuclet deenying fron 
the compound nucleus to a specific excited etate, ie also given in 
Chapter 11. Am inspection of the formalas for C (Í) and Y, shows 
that for the ease of lo, the cross nation < (0) decreases as 
(3 = 5)" ‚and, therefore, the probability ої decay to the epecific 
state &ssociatedl with ЬЯ increases as (E > у“ When an } =l 
neutron is emitted in the decay of thé compound meleus, the probability of 
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teory incrssaee as (% - 2778 and, in general, 2в (5 ~ ~ Lay 
A mathenatical anslyeie of thase formlas indicatas that {f the decay 
оесого ћу the enission of an q а О nentron, the curve of *, versus 
neutron energy eoproaches ite threshold perpendisular to the horizontal 
axis. For the case of higher values, the curve approaches the 
threshold tangent to the horizontal axis, 

When the exrserimental erone seetion for the fernation of 
the mateatable state te divided by the cross section for the formation 
of the compound nucleons, the resulting quantity is Wye the probability 
that the comsound nucleus will decey te the nretasisble state, eh a 
caleuletion wee carried out using the experisantal eross section for 
the formation of the netactable ststo anf the theoretical value of 
9,03). The curve of к, versus mean neutron energy is shown in Figure 
18, She shave of this curva in the vieinity of the threshold indicates 
that an f a ò amem is mittel from the compound mucleus, The curve 
deviates from the (8 - 2,9? euere as the neutron energy incresses 
shove the thresold value, because competition from decay to levels 
other than the metaasteble state commences as the energy inereates. 
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Y, ОбООКОШОЛТОНЭ АЧО О ЖИКУШТТОВЗ FOR PURPA INVESTIGATION 
DISCUSION A SUNMARY OP REBULPS 


The neutron excitation eurve obtained during thie Invasti- 
gation indicaten thet the threshold exergy for the formation ef the 
setastabla stato la 0,100 ler end also revéals the existenee of 
energy leveia at 0372) Кат ам 1,150 Mar. The location of tha mẹta- 
asable state is currsntiy acespted as 0.396 Her above the ground 
state. Therefore, the nsutren excitation curve {nantes the direst 
excitation of the metastable state, The axiatenes cf the O,T20-Mav 
energy level has rot deen reported prericusly, The 1,180-Mev energy 
level is probably the cane one watch Wiedenback (¥7) obtained by 
both photon and electron bombardesnt and to wich ke assigned the 
energy of 1,250 Fav, The results cf this laveetigation and those 
Pewulte obtained by Boel (21) indicate that neutrex excitation gives 
slightly lower values of energy than pheoten or electron excitation 
gives for vhat are apparently the sanse levels, 

The comparison of theoretloal ang anpericental 07088 sec- 
tione indicates that an | = 3S neutron forna the eempounf тше) ет», 
which then exits an | = 0 neutron, If the catastadle state le ex 
cited directly, conservation of angular momentum and parity for the 
above | valuas gives the rzetuetablo state a possible angular mom- 
entun of 9/2, 7/2, or 5/2 and a parity different fhar that of tre 
grouni state, According to Pigure 5, the most yrebebls value of 
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зпоћат попетбим Тог the netantabia ntate, when ite parity ig differ 
ent then thet of the ground state, 1s 13/2 and the 0.19-Ner transition 
is by electric ale radiation, while the 0,2N7-ker transition in by 
magnetic quadrupole redintion, An engular mowentun of 9/2, 7/2, or 5/2 
for the wetastable state is possible for this decay eehene, tut much 
lees probable than 13/2. The probability for the above yonsible 

values decreases rapidly se the magnitude cf the angular momentun 
decrentes. 

Although the curve for the experimental ereea section shown 
in Figure 14 1s above the theoretical curve fer lan, it le such 
Closer to the curve for Î = № than the curve for | » À. After eon 
sidering thes uncertaintios involved in determining the experinentel 
eross section, it 10 conceivable that the exporizental curve may be 
a0- much ix error that ite true position should be below the | = Y 
thaoreticsl curve. If this is the case, үү — 
tha ustastavlo state directly. If the poínte on the exparinental 
erose section curve retain their relative positicne and the curra, 
es 2 whole, 1s movad vertically downward until it is below the ] e Y 
theoretical carve, a nev graph sietler to the one in Figure 15 would 
still indicate that an | = 0 neutron 1s mitted by the compound 
moles, These new conditions would give the metastable stata a pos- 
sible angular momentum ef 11/2, 9/2, or 7/2 and the sans parity as 
the ground state, An angular mozentw: of 11/2 and по parity change 
аге consistent and most probable, es shown in Figure 4, for the 


assignment of electric note radiation to the O., 19-Nay transition 
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und mamıetlo Alpole radintion io the D,247-Mer transition, The above 
values of sraular nomeztuz are also possible, but not probable, for 
ike ctae where the C,19-Nar transition ls by electric vole rais- 
tien and tha 0,247-Ney transition ia by eleetrie quadrupole radiation, 

Me@innie (CN) has very recently stated that the 0.W6-Ner 
Level hea an angular momentun of 17/2 and deeaye by electric 2 роде 
radiation to the O.2lT-/ew level and that the 0.247-lev level has 
an angular uonentum of 5/2 ant decays by slectria quadrupole radiation. 
fhese tisigmmentas of spin and type of aultipole give both metastable 
states the seme rarity sa the ground stete, His determinations are 
based on в comparison of experínental valwea of half-life, orten 
Sion radios, etc., vith therretieal relations presented in Rose'a (R1) 
tables for the Y senversion oeefficient, (Rose's tables were not 
avallndie to the mithor until after the intersretation af the exeri- 
mental remolte cf thia investigation had been aceem-liched). ieOinnis's 
бослу schaue Is the one whieh the author laitialiy esnsidered acest 
probable (sen Figures), tut unfortunately 11 dees not agrae with the 
nost prohable values of angoler ncmentuse txdiested as possible by the 
expsrinertsl results of this Lavestigstion. 

ta’) secays vy electron capture to a C.N2D-New level in 
са", тһе provable error in the thresheld energy chtained by thie 
investigation for exaiting the metastable state ts of meh magni tude 
that the ocaitation corve could he rend to indimata the direct ereite- 
tion of the 0. 42-iev level and ite innedinte deeny to the nstantadle 
state, The presence of tho 0,20 ev leral hes only deen observed in 
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minute metastable »qa ^t tron decaying tat have been unsuecessful 
(ин), кебілпіз hes assigned an angular momentan of 7/2 to thie 
level and reports that it decays tc the 0.247-Ner level by the enis- 
sion cf magnetic dipole radiation, 1f the O.l20-Mev level wes 
excited directly during this investigation by an | и 3 nemtron, the 
parity sorsiderations of Nebinnis's decay sahene for this level are 
not satisfied, Direct excitation of the 0,4a0-Her level by an Û h 
neutron is consistent with parity considerations, tut very inprobebla, 
Since the energy differential between the 0, 820~Hev level and the 
0. 96-ке level is sc small, a transition from the 0.420-Nev level 
to the 46, 6-almie metastable level is even more improbable, There- 
fore, it is very doubtful that the 0,420-Hav level was excited directly. 
Figure 16 shows the most probable decay sOhones of those 
considered peseiblie xe a result of thie investigation, 


The neutron exeitation eurvé shenld be extended to higher 
energies in erder to confirm the energy levols at 1,68, 2,08, and 2.56 
Kav obtained dy Wadndenz (WT) from both photos end electron excitation, 

It le planred to retain the oxperimentel equipment, used dum 
ing this investigation, intact for amas tise Inte the future, There- 
fore, it is — trat adíltliornal experimental work te directed 
toward & better dateroination of tha absoluto erosa aectíon for the 
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formation of tha metastable state, Talis effort should include a con 
Sirpation of the abeciute neutron flux ineident on tie ввыр1е by а 
method indapendent ef Hanson, Taschek and Wilifame (#7), a more accu 
ate aethod of determining the efficiency of tha seintillation counter, 
endo careful experimental analysiea, by other means than half-life 
separation, of the different kinds of raliation detected by the 
counter during the dees of netactadie #08111, 

if the seimtilistion counter la moved to a location in the 
near vieinity of the target room of the Rockefeller generator, ax 
investigation of the 2,}-mimts netesteble "087, similar to he one 
deseribed ixn this report, may be naĝe, Beosuse of the relatively 
short half-life of metantabie "0417, tne tims required for Irradin- 
tions and counting will be mach lees than that spent during the 
investigation sf nebastable #08177, The author hes proeured die 
of barium parexide which may be used for ancther similiar investiga- 
tion of the excitation of the 2, 6-mimte netastable etute TER 
ty fast neutron boxbardment. 1% sesana that the investigations of 
Qa ona Ba? could be conveniently carried on at the same tine, 

ipyeráizx О ecntains a brief qumary of several unesecess- 
tul attempts to obtain neutron excitation curvee for setaatable 
states in various isomers, This work was carried on before the 
final selection of ва аа а mbjset for Tania invontigatlon was 
ваде 
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APPEDIX A 


ALTERATION OF THI SINGLE-CHANNEL DIFFIRWTIAL DISCRIKIHATOR 


fhe vasie wiring diagran for ihe singio-Ohannel differ 
ential discriminator is the Laboratory for Huelear Selence and 
gineering Drawing ло. 2-ПИ-Ь, File 6120. This drawing calla 
for a 4700-ohn resistence in the plate eireuit of the first tube 
of the disorisinator which sets the low aide of the windew (ÓACT). 
This resistance was reduced to F700 ohms by placing an 18000-ohm 
resletence in parallel with the original H700 oma, This alters- 
tion recueed the hysteresis in the diseriminater eilreuits; i.s., the 
“Glgnal voltage at walch the diserininator recovered after being trig- 
gored чей reduced, Удел a change lowered the minions setting at 
whieh the discrininator would operate, 
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ArPUSDIX B 


DEMOMINAPION OF TH? ABSOLUTE RATE OF GAMMA-RAY WETSRYCK 
OY "WE Kg 7 STANDARD 


À platimin-stres gamma-ray counter, belonging to tha Radío- 
activity Canter of tha N.I., P, Phyetes Deparbnent, w^ use for estima 
ting the absolute rato of pgamma-ray eaiselon ty a nanple ef ug, 
Phils eannle was overtuelly used in eet imating tha effleieney of the 
seintillation omunter for Astecting the denny of matantahle +06212, 
The counter la sinilor to the platiomm-eereaan counter Investigated hy 
Peacock (T2) during hia deterninetion of prema-rey counter affiaienetes. 

A table of factura has ben compiled br the Railoaettvity 
Genter for use of the ~latinum-sereen counter with a number of differ 
ent isotoper. This table makes 1¢ possible to determine the absolute 
mumber of disintegrationa par unit time in e sample of any one of the 
isctepes by verparison of ite counting rate with that of a redius 
standard when both ara loeeted the same dietanee from ihe counter, 

The factors for teveral cf the isotopes with relatively sinple pamat- 
ray deesy sehenes ere cictted against the total emerge: of the gamma 
rays emitted 19 Figura 17. The faetor for Hg vas obtained dy er- 
trapolating this eure. the xg”? ознрја ага з radium etandard were 
counted for ecwel paricds of tima at eqval distances from the counter. 
Runs were made at several distences from the ecurter to insure that 
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80 
APY DIX 0 


UXSUCOXOSFUL PRELTCIWAMRY ZOEINERTS ІЧ РИСООСІМО АКО DUTEOTISG 
THER DECAY OF HMTASTABLS STATES 
Samples of кујо2 меге irradiated with fast neutrones for one 
hour, bet the deesy cf the Sjuninmite metastable «tate wes not detected, 
Thie isotope la 100 per cent slumdent, and from the per cent abundance 
etandpeint, 14 should bo an idee] subject for this type of investiga 
ticn because no interfering deeaye vill cemar. The metastable state 
decays by the minuten of а 0,0 Jolie gema ray. Bvidently the cress 
section for the formation of tha natastedle etate ia vory mali or 
the counting equiznent was act vaneltive encugh to detect tha low æn- 
ergy radiation emitted, Wedenbeck (42) reporta obasrring the deeay 
of metastable «0202 with delieate counters nede of rhodium, 

Samples of Ch” мөге irradiated vith fast neutrons for ene 
hour, but the desey of the i2-day netastuble state wae not detected, 
This failure vas probably due to the reletively short tine of irradia 
iion, Use of the Roakefeller generator for a period of tine comparsble 
to the half-life of the metastable state (e obviously impossible, 

A sempie of nereury depcsited on a gold backing was irradiated 
with fast neutrons for one hour, but decay of the U8, b-ninute metastable 
state ix Hg | wae not detected. The failure vas probably due to a 
mall crose section for the formetion of the metactcbie state end en 
inwufficient slundenee of the tectepe, Kg OT, in natural mereury, 
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